Aim: Zoledronic acid (ZA), a bisphosphonate, is currently used in combination with chemotherapeutic agents to suppress breast cancer cell proliferation or breast cancer-induced osteolysis. The aim of this study was to investigate the effects of ZA combined with a natural anticancer compound plumbagin (PL) against human breast cancer cells in vitro. Methods: Human breast cancer MDA-MB-231SArfp cells were treated with ZA, PL or a combination of ZA and PL. The cell growth, apoptosis and migration were evaluated using CCK-8 assay, flow cytometry and transwell assay, respectively. The expression of apoptosis-related proteins was measured using real-time PCR and Western blotting. Synergism was evaluated using Compusyn software, and the combination index (CI) and drug reduction index (DRI) values were determined. Results: PL or ZA alone caused mild cytotoxicity (the IC 50 value at 24 h was 12.18 and above 100 μmol/L, respectively). However, the combination of ZA and PL caused a synergistic cytotoxicity (CI=0.26). The DRI values also showed a synergistic effect between PL and ZA, with actual values of 5.52 and 3.59, respectively. Furthermore, PL and ZA synergistically induced apoptosis and inhibited migration of the breast cancer cells. Moreover, the combination of ZA and PL decreased the expression of Notch-1, cleaved PARP, Bcl-2 and Bcl-xl, and increased the expression of cleaved caspase-3, CDKN1A and ID1. When the breast cancer cells were transfected with specific siRNA against Notch-1, the combination of ZA and PL markedly increased the expression of Bcl-2. Conclusion: Combination of ZA and PL synergistically suppresses human breast cancer MDA-MB-231SArfp cells in vitro. PL can inhibit ZA-induced activation of the Notch-1 signaling pathway and subsequently reduce the expression of Bcl-2, thus potentiating cancer cell apoptosis.
Introduction
The most common metastatic site of advanced breast cancer is bone, which is observed in two-thirds of patients with malignant metastatic breast tumors [1] . Individuals with such metastatic complications may be affected by subsequent skeletalrelated events (SREs), which were first identified as intractable bone pain, pathological fractures, spinal cord compression (SCC) and hyperkalemia, thus significantly increasing the morbidity and mortality of this malignancy [2] . Bone modifying agents such as bisphosphonates (BPs) and denosumab have been shown to be efficacious in protecting against metastatic progression. BPs such as zoledronic acid (ZA), which is the most potent inhibitor of bone resorption, is currently used as an adjuvant treatment in women with early metastatic cancer. Numerous studies have demonstrated that ZA is capable of inhibiting breast cancer bone metastasis by impeding osteoclast recruitment, proliferation, and differentiation from preosteoclast cells [3, 4] , particularly by decreasing the osteolytic activity of mature osteoclasts [5] [6] [7] . With respect to tumor cells, research into the cytotoxic influence of BPs on breast cancer cell viability has diverged dramatically [8] [9] [10] [11] , with reported cytotoxic 24-h half-maximal inhibitory concentration (IC 50 ) values ranging from 10 to 100 μmol/L, even in the same cell line. In some cases, ZA does not exhibit explicit proliferative inhibition in the MDA-MB-231 breast cancer cell line. Nevertheless, evidence of the effects of ZA on the regulation of tumor cell apoptosis has been universally recognized [12] [13] [14] .
Therefore, researchers have sought new strategies that combine ZA with other chemotherapeutic agents or nutraceuticals, including paclitaxel, doxorubicin, cisplatin, camellia sinensis and gemcitabine, to treat osteosarcoma, breast cancer and multiple myeloma [15] [16] [17] . Synergistic effects have been shown to affect various types of tumor cells, regardless of the uncertain cytotoxicity of individual drug treatments [18] [19] [20] . Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) (PL) is derived from the traditional Chinese medicinal plant Plumbago Zeylanica; it is an analog of vitamin K3 and is currently under extensive investigation. Historically, PL has been used in traditional Chinese and Indian medicine to treat microbial infections [21] , atherosclerotic diseases [22] , inflammatory problems [23] and cancer-associated issues both in vivo [24, 25] and in vitro [26, 27] . Our previous studies have indicated that PL can effectively attenuate the proliferation of breast cancer cells and concomitant osteoclast formation in the bone microenvironment [28] . Moreover, the PL-mediated inhibition of migration and invasion in breast cancer cells has been confirmed through the suppression of the signal transducer and activator of transcription 3 (STAT3) signaling pathway and the production of inflammatory cytokines [29] . Other researchers have suggested that PL impedes tumor cell proliferation, induces apoptosis and decreases cell metastasis [30] . However, despite these clear and striking effects in tumor cells, whether PL can exhibit synergistic effects when combined with other commonly used drugs remains unknown.
Therefore, we combined PL with ZA to enhance their mutual inhibition of cell viability and increase overall apoptosis. In this study, ZA was used as a pharmacological strategy to explore whether PL can be used as a synergistic drug to enhance combinative efficacy in a human breast cancer cell line and provide advantageous therapeutic effects. Moreover, the underlying mechanisms of apoptosis via combined treatment were also investigated to gain a better understanding of the combinatorial effects of PL and ZA.
The Notch signaling pathway plays a significant role in proliferation, differentiation and apoptosis. Four Notch receptors (Notch 1-4) have been identified [31] , and several recent studies have reported numerous novel Notch target genes, including Cluster of Differentiation 28 (CD28), GIMAP5, ID1, nuclear factor-kappaB (NF-κB), cyclin-D1 and cyclin-dependent kinase inhibitor 1A (CDKN1A) [31] [32] [33] . The role of Notch receptors in cancer cells has been confirmed by the observed increase in Notch-1 levels in poorly differentiated human mammary carcinomas [34] . Additional studies have further demonstrated that inhibition of the Notch-1 signaling pathway is responsible for increased apoptosis as well as decreased proliferation and invasiveness in tumor cells through interactions with other signaling pathways, including the protein kinase B (Akt), mammalian target of rapamycin (mTOR), NF-κB, matrix metalloproteinase-9 (MMP-9) and urokinase-type plasminogen activator (uPA) pathways [35, 36] . As a result, we intend to determine whether similar effects on Notch-1 expression can be achieved by individual or combined administration of PL and ZA. Furthermore, feasible downstream targets of the Notch family with respect to apoptosis bioactivity were investigated to explore the potential signaling pathway that may be mediating the effects of PL and ZA in combination.
Materials and methods
Main reagents PL, ZA, and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St Louis, MO, USA). PL was dissolved in DMSO and ZA was dissolved in 0.9% physiological saline at concentrations of 100 and 10 mmol/L, respectively. The synergistic group contains equal volumes PL and ZA. These reagents were stored in the dark at -20 °C. Stock solutions were diluted further into cell culture medium immediately before use. Primary antibodies against Notch-1, Notch-2, Notch-3, caspase-3, cleaved (clv) caspase-3, B-cell lymphoma 2 (Bcl-2), Bcl-xL, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Cell Signaling Technology (Danvers, MA, USA), and antibodies against clv poly (ADP-ribose) polymerase (PARP), CDKN1A and ID1 were obtained from Abcam (Cambridge, UK).
Cell line and cell culture
The estrogen-independent human breast cancer cell subline MDA-MB-231SArfp was kindly provided by Prof Jiake XU (University of Western Australia, Australia). These cells were previously generated by T YONeDA (University of Texas Health Science Center, San Antonio, TX, USA) from an intracardiac injection of MDA-MB-231 cells followed by in vivo selection for cells that exhibited the inclination to metastasize to and grow in a bone microenvironment [37] . The MDA-MB231SArfp cells were generated by the stable transfection of the pDsRed2-N1 construct [38] (Clontech, Mountain View, CA, USA). This cell line was cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Invitrogen Ltd, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin solution and 0.75 mg/mL G-418 (Gibco, Invitrogen Ltd, Carlsbad, CA, USA) at 37 °C in a humidified atmosphere with 5% CO 2 .
Cell viability assay Cell viability was measured using the Cell Counting Kit-8 (CCK-8) according to previously reported methods [39] . Briefly, MDA-MB-231SArfp cells were suspended and plated in a 96-well plate (6000 cells/well) overnight without drugs. Then, the cells of the control group were treated with vehicle (DMSO), whereas the PL and ZA groups were treated with various concentrations of PL (0-20 μmol/L) and ZA (0-100 μmol/L), respectively. The synergistic groups were treated with equal ratios of PL and ZA at different concentration combinations. From one to four days after drug stimulation, the optical density (OD) of the wells at 490 nm was measured using a microplate reader (Thermo Electron Corp, Waltham, MA, USA) after incubation with CCK8 solution at 37 °C for 2 h. each condition included eight replicate wells with at least three independent repeats. Analysis of synergistic effects Synergism was analyzed by the software Compusyn as previously described [40] , with the process derived from the median effect principle of Chou and Talalay [41] . Data from the cell viability inhibitory experiments described above were employed to perform this statistical analysis. The combination-index (CI) is a numerical index that is calculated by using following formula [42] : 2 , where D 1 and D 2 are the concentrations of reagent 1 and 2 applied in combination to achieve x% of total drug effect, whereas (D x ) 1 and (D x ) 2 represent the concentrations of individual agents to accomplish the same efficacy. The CI value is a mathematical and quantitative representation of the pharmacological interplay of two drugs (CI>1, antagonism; CI=1, additive; CI<1, synergism). Based on the data obtained from the growth inhibition experiment and computerized software, CI values were generated from a range of fraction affected (Fa) levels from 0.05-0.9 (5%-90% growth suppression). The Fa-CI plot and Fa-log (CI) plot illustrate the actual CI values at diverse suppressive levels. The dose-reduction index (DRI) represents the actual fold-change of dose attenuation in a synergistic combination at a given effect level compared with the drug alone. A DRI value of more than 1 is of practical significance because it signifies therapeutic importance under circumstances in which the dose of any specific component of combinatorial drugs is reduced to ameliorate side effects caused by cytotoxicity to normal cells. The Fa-DRI plot and Fa-log (DRI) plot indicate the DRI values of each drug at different levels based on computer simulations.
Annexin V/propidium iodide immunofluorescence Cell apoptosis was measured by flow cytometry using annexin V/propidium iodide (PI) double-immunofluorescent staining. MDA-MB-231SArfp cells treated for 24 h with increasing concentrations of PL or ZA, either alone or in combination, were harvested, vigorously pipetted, and subsequently collected to verify drug-induced apoptosis rates using the Annexin V-FITC/PI Kit (Bender Medsystems, Burlingame, CA, USA) according to the manufacturer's protocols. Apoptotic events were indicated as a combination of fluorescein isothiocyanate 
Tumor cell migration ability
The cell migration potential was detected using a Transwell assay with 8-μm cell culture inserts (Millipore Corporation, Billerica, MA, USA) in 24-well plates. Drug-treated MDA-MB231SArfp cells (3×10 4 cells/well) were suspended in 100 μL of serum-free DMeM and added to the upper chamber of the transwells, whereas the lower chamber was filled with 550 μL complete DMeM with 20% FBS. In cell migration assays, the cells were incubated at 37 °C for 24 h. Subsequently, the transwell membrane was fixed in 4% paraformaldehyde for 30 min and stained with 0.1% crystal violet for 15 min, and the cells were then scraped from the top of chamber with a cotton swab. For quantification, the number of migrating cells was counted under a microscope in five random fields at ×100 magnification and reported as the mean±SD (standard deviation). All assays were repeated three times independently.
Quantitative real-time PCR Twenty-four hours after treatment with different doses of PL and ZA, either alone or in combination, RNA was extracted from MDA-MB-231SArfp cells using the TRIzol method, and the concentration and purity were measured. A reverse transcription kit (iScript cDNA Synthesis Kit, Bio-Rad, Hercules, CA, USA) was used to synthesize cDNA using the reverse transcriptional method. mRNA expression levels were evaluated by real-time PCR (Reagent Kit: SYBR ® Premix ex Taq TM , TliRNase H Plus, Takara, Tokyo, Japan) according to the manufacturer's instructions. The relevant primers are listed in Table 1 .
Western blotting
Protein extracts from MDA-MB-231SArfp cells subjected to various treatments were prepared using radio-immunoprecipitation assay (RIPA) lysis buffer supplemented with 1 mmol/L phenylmethylsulfonyl fluoride (PMSF) and were quantified using a BCA Protein Assay Kit (Thermo Scientific, IL, USA). Lysates were diluted 5:1 with loading buffer and heated to denature at 99 °C for 10 min. equal amounts of protein (30 μg) were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGe) on a precast gel (7.5%-12.5%) at 80 V for 30 min and 120 V for 1 h. The proteins were then transferred to an activated polyvinylidene fluoride (PVDF) membrane by wet electrophoretic transfer (Bio-Rad Laboratories, Hercules, CA, USA) for 2.5 h at a constant current of 250 mA. The membranes were blocked for 1 h in Tris-buffered saline (TBS) containing 0.05% Tween 20 (TBST) and 5% nonfat milk powder and then incubated overnight with primary antibody at 4 °C. After three washes in TBST, the membranes To further explore the potential relationship between Notch-1 and Bcl-2, siRNA duplexes against human Notch-1 were prepared by Shanghai GenePharma Co, Inc (Shanghai, China). The siRNA sequences of Notch-1 are shown below in Table 2 . Twenty-four hours after cells were seeded in sixwell plates at 70%-80% confluency, the MDA-MB-231SArfp cells were transfected with siRNA at a final concentration of 0.1 μmol/L using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA). RT-PCR and Western blotting for Notch-1 expression were used to evaluate the efficacy of siRNA silencing. Twenty-four hours after transfection, 7.5 μmol/L PL with or without 50 μmol/L ZA was added to the plate to evaluate the role of Notch-1 in Bcl-2 regulation. Western blotting was performed to investigate Bcl-2 expression in the treatment groups.
Statistical analysis
An analysis of variance (ANOVA) was used to evaluate the statistical significance of the data obtained among the groups. A P-value of less than 0.05 was considered statistically significant. All of the data were analyzed with SPSS 13.0 software (Statistical Package for the Social Sciences, Chicago, IL, USA) and are presented as the mean±SD.
Results
In vitro cytotoxic synergism of plumbagin and zoledronic acid on MDA-MB-231SArfp cells To explore the possibility of synergistic cytotoxicity, MDA-MB-231SArfp cells were treated with various concentrations of PL and ZA, either alone or in combination. As shown in Figure 1 , PL and ZA at up to 20 and 100 μmol/L, respectively, each exhibited dose-dependent cytotoxicity in MDA-MB231SArfp cells from 24 to 96 h. In the PL-treatment group, the 24-h IC 50 was 12.18 μmol/L, whereas in the ZA-treatment group, the 24-h IC 50 was exceeded 100 μmol/L, and the 48-h IC 50 was 67.36 μmol/L. Only high concentrations (10 and 5 μmol/L) inhibited cell viability in the PL group, which was similar to that observed in the ZA group, in which cytotoxicity was demonstrated only for the 100-μmol/L treatment. Following consecutive drug interventions, the cytotoxic effect increased as the effective administration dose dropped to the minimum value of 0.625 μmol/L in the PL group and 3.125 μmol/L in the ZA group at 96 h. When administered simultaneously, the treatment efficacy increased relative to either reagent alone. As shown in Figures 2A and 2B , during the first 24-h treatment, only 10 μmol/L PL exhibited a synergistic effect to every ZA concentration, which was similar to that of 100 μmol/L ZA in each PL group. Furthermore, a synergistic effect could be observed in the 5-μmol/L PL group with all concentrations of ZA. No synergism was evident in the 10-μmol/L PL group, irrespective of the actual concentration of ZA. From 48 to 96 h, both 5 and 10 μmol/L PL were capable of significantly reinforcing the cytotoxicity of ZA, although 2.5 μmol/L PL only showed an effect after 96 h of treatment. Furthermore, none of the PL concentrations were shown to be instrumental in enhancing the cytotoxicity of 50 and 100 μmol/LZA treatments at 96 h. For the PL treatment group combined with various concentrations of ZA, synergistic efficacy was observed for almost all doses of ZA, despite the relative absence of synergism of 10 μmol/L PL with ZA.
The above results suggest that combination treatments of MDA-MB-231SArfp cells are synergistic, and this effect can also be observed with the CI and DRI values ( Figure 2C ). The CI values represent the quantitative interaction between the drugs and were calculated using Compusyn software at different Fa levels. Figure 2Ca and 2Cb demonstrate that in MDA-MB-231SArfp cells, the combination of PL and ZA produced an explicit synergistic effect and had a CI value of less than 1 at most Fa levels. The synergism was particularly obvious at lower inhibitory concentrations, whereas little impact was observed at higher proliferation suppression. The CI values were 0.26 and 0.46 when the Fa values were 0.5 and 0.7, respectively, but the value was 1.55 when Fa was 0.8. These Similarly, no therapeutic effects can be predicted for Fa values greater than 0.9 in the PL group, where ZA is of clinical benefit. These findings are consistent with the growth-inhibition efficiency of PL and ZA and further confirmed our hypothesis that synergism occurs when PL and ZA are given in combination. Therefore, it is necessary to further examine the effects of drug combinations on a wider range of phenotypes to identify the underlying mechanism of action.
Flow cytometric analysis of enhanced cell apoptosis by plumbagin or zoledronic acid alone and in combination
The translocation of phosphatidylserine from the inner leaflet to the outer leaflet of the plasma membrane during the early stages of apoptosis can be assessed using the phospholipidbinding protein annexin V. Flow cytometry revealed that PL and ZA, either individually or in combination, were able to generate a dose-dependent increase in the apoptotic and post- Synergistic drug delivery regulated the expression of apoptosisrelated proteins Based on the above results, we intended to further unravel the underlying mechanisms of the synergistic antitumor effect of PL and ZA. Because synergistic apoptosis regulation was more evident than growth inhibition and because an apoptosis rate of approximately 80% was achieved after 24 h with lower drug concentrations, we focused on the mechanisms of apoptosis. Western blot analysis revealed that the expression of t-caspase-3, clv caspase-3, CDKN1A, and ID1 increased in the combination group, whereas the expression of clv PARP, Bcl-2, and Bcl-xL decreased ( Figure 5A ), indicating the induction of apoptosis through the combination treatment. Because Notch downregulation is often associated with the inhibition of cell viability and the induction of cell apoptosis, real-time PCR was used to evaluate the effects of individual or combined PL and ZA treatment on the Notch signaling pathway in MDA-MB-231SArfp cells. As shown in Figure 6A , both PL and synergistic treatment downregulated Notch-1 expression, whereas ZA upregulated Notch-1 mRNA expression compared with the vehicle treatment group. However, the three isoforms of Notch-2/3 failed to exhibit any disparity with respect to the control, especially in the synergism group. Therefore, Western blotting was performed to examine Notch receptor family production at the protein level. Figure 6B shows that Notch-1 protein expression undergoes a similar decrease in the PLand combination-treatment groups and an increase in the ZAtreatment group. Additionally, three bands corresponding to Notch-2 and Notch-3 exhibited only insignificant fluctuations upon Western blot analysis, consistent with reports that Notch-1 downregulation is frequently related to apoptosis induction [36] .
DAPT administration decreased Bcl-2 expression
In addition to the potentiation of multiple apoptotic proteins observed in the synergistic treatment, we observed a similar relationship in the expression of Notch-1 and Bcl-2. Therefore, we conducted a literature search to identify the possibility of reciprocal Notch-1 and Bcl-2 regulation. Ye [43] reported that Notch-1 silencing decreases Bcl-2 protein expression, thereby contributing to a higher rate of apoptosis and an increased sensitivity to docetaxel in PC-3 cells. Thus, we hypothesized that Bcl-2 regulation may be a response to Notch-1 downregulation, especially in the context of combined PL and ZA treatment. Initially, DAPT, which inhibits the γ-secretase complex of the Notch signaling pathway, was used to inhibit the Notch-1 signaling pathway in MDA-MB-231SArfp breast cancer cells. Upon treatment with a combination of ZA and DAPT or PL, Bcl-2 expression was downregulated ( Figure 6D ), suggesting that a similar mechanism of Bcl-2 regulation as that induced by PL and DAPT may occur in the synergistic treatment.
Notch-1 silencing increased Bcl-2 expression after synergistic treatment To further examine the mechanisms by which changes in Notch-1 and Bcl-2 expression alter apoptosis upon synergistic treatment of PL and ZA, three individual Notch-1 siRNA duplexes were synthesized. To determine the effectiveness of siRNA silencing, RT-PCR and Western blot analyses were performed at 24 and 48 h, respectively, after transfection of Notch-1 siRNA into MDA-MB-231SArfp cells ( Figure 7A and 7B). Notch-1 expression was downregulated by siRNA-3916 within 24 h, and all three siRNAs were effective in reducing Notch-1 expression after 48 h of knockdown, indicating the efficacy of this approach. Because siRNA-3916 exhibited the most efficient mRNA knockdown within 24 h, as well as favorable efficiency at the protein level, this siRNA was applied in further experiments.
As shown in Figure 7D , Bcl-2 expression was lower in the PL-treatment group without siRNA silencing than in the PL- 
Discussion
In this study, PL was able to serve as an efficient adjuvant reagent in sensitizing ZA-mediated cell growth inhibition, apoptosis activation and metastasis suppression; this result was supported by the activation of CDKN1A, clv caspase-3 and PARP and the inactivation of Bcl-2 and Bcl-xl. Furthermore, we revealed the underlying mechanisms of apoptotic potentiation, which involves Notch-1-to-Bcl-2 regulation upon When evaluating cell growth inhibition, we observed that only relatively high concentrations of PL and ZA alone exhibited cytotoxicity against MDA-MB-231SArfp cells in the first 24 h. However, PL exhibited a synergistic effect with ZA in MDA-MB-231SArfp cells, with a CI value of 0.26. The DRI value also indicated a synergistic effect between PL and ZA, with actual values of 5.52 and 3.59, respectively, thus demonstrating accelerated inhibitory effects through the combination of PL and ZA. Additionally, we observed increased treatment efficacy with respect to synergism-induced cell growth inhibition in a time-and dose-dependent manner. However, the synergistic effect displayed no significant differences at 96 h using 50 or 100 μmol/L ZA or at 48, 72, or 96 h using 10 μmol/L PL with adjuvant agents at any concentration. This phenomenon can be readily explained by the fact that the cell viability rates of 50 and 100 μmol/L ZA at 96 h, as well as 10 μmol/L PL at 48 to 96 h, were approximately 10% relative to the control group. Therefore, it would be extremely difficult to further reduce the extent of cell growth suppression regardless of synergistic treatment.
Based on the above results, we further observed the beneficial induction of cell apoptosis when cells were exposed to lower concentrations of PL and ZA, which produced a dramatic increase in the apoptotic cell number compared with single-drug administration. The induction of apoptosis was also time and dose dependent, with a maximum apoptotic rate of approximately 80% when cells were treated with 7.5 μmol/L PL and 50 μmol/L ZA. This result suggests the potential of using lower ZA concentrations with nontoxic PL doses to achieve an enhanced level of effectiveness with respect to tumor cell apoptosis. This approach may also reduce the drug-related toxic side effects to normal cells and inhibit the evolution of chemoresistance to ZA and PL.
We also investigated the in vitro suppression of MDA-MB231SArfp cell metastasis through synergistic treatment with PL and ZA. Greater inhibition of cell migration was observed when tumor cells were treated with a combination of PL and ZA, indicating that PL is able to reinforce the suppressive effect of ZA. Previous studies have revealed that both PL and ZA alone can be effective in inhibiting cell metastasis [29, 44] , and our results demonstrate that the combination of PL and ZA exhibited greater efficacy in inhibiting breast cancer metastasis compared with either PL or ZA alone.
Because the regulation of synergistic apoptosis was more evident than growth inhibition at lower effective drug con- Figure 5 . Analysis of apoptosis-associated protein expression in MDA-MB-231SArfp cells. MDA-MB-231SArfp cells were treated with PL and ZA, either alone or in combination, or with vehicle control. Protein extracts were immunoblotted to determine the relative expression of apoptosis-associated proteins, including Bcl-2, Bcl-xl, CDKN1A, clv PARP, clv caspase 3, t-caspase 3, and ID1 (A). Protein expression levels (relative to GAPDH) were calculated (B). All data represent the means±SD of at least three independent experiments.
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Acta Pharmacologica Sinica npg centrations after 24 h, we chose to investigate the apoptosis mechanisms. Our results revealed that Notch-1 down-regulation by synergistic treatment was associated with higher rates of apoptosis. Because apoptosis inevitably involves caspase activation, the expression of caspase-3, which serves as the key effector of the caspase cascade, was evaluated. After 24 h of treatment, the total level of caspase-3 did not vary among the four groups, whereas the cleaved form was significantly higher in the synergistic-treatment group relative to that of the control, indicating greater caspase-3 bioactivity and enhanced apoptotic capability. PARP cleavage is another hallmark of apoptosis and was also investigated. A slight down-regulation of PARP cleavage was noted with either PL or ZA treatment alone, whereas an obvious decrease was observed upon synergistic treatment compared with the control. CDKN1A/ p21 serves as a novel Notch downstream target and plays an essential role in growth inhibition and cell cycle arrest [45] [46] [47] . Our results demonstrated that combined administration of PL and ZA appeared to increase the expression of p21, which was expressed at low levels in the ZA-treatment group, thus promoting the enhanced apoptosis of MDA-MB-231SArfp cells.
A previous study [43] revealed that Bcl-2 expression is downregulated by Notch-1 knockdown, which leads to an increase in apoptosis and a decrease in the proliferation of tumor cells. Therefore, we hypothesized that synergistic apoptotic potentiation may partially be caused by the combined inactivation of Notch-1 and Bcl-2, which results in the collapse of the tumor defense mechanism. Thus, we used DAPT, a non-specific Notch signaling pathway inhibitor, to simulate the probable mechanism of PL when administered with ZA. Consistent with previous results, Bcl-2 expression decreased significantly when cells were given PL and ZA together compared with ZA alone. Additionally, when MDA-MB-231SArfp cells were treated with ZA and DAPT, a significant suppression of Bcl-2 was observed, which resembled that of the PL-and-ZAtreatment group. These results suggest that the underlying mechanism of Bcl-2 suppression may be caused by the synergistic downregulation of the Notch signaling pathway, as shown by the combined effect of ZA and DAPT. Therefore, a specific siRNA was designed to knock down Notch-1 expression in MDA-MB-231SArfp cells. The results suggest that synergistic PL and ZA treatment followed by siRNA silencing might contribute to the potentiated expression of Bcl-2 due to the absence of Bcl-2 regulation by Notch-1. Subsequently, e Indicates at least a two-fold mRNA change relative to the control group. n=3. Protein expression levels (relative to GAPDH) were calculated. All data represent the means±SD of at least three separate experiments.
www.nature.com/aps Qiao H et al Acta Pharmacologica Sinica npg because PL was able to reduce the expression of Bcl-2 when administered with ZA, we used siRNA to verify whether the Notch-1-to-Bcl-2 regulation also occurred in cells treated with PL alone. We determined that Bcl-2 expression increased with PL administration alone when siRNA silencing was included. Thus, the drug-induced suppression of Bcl-2 regulation by Notch-1 was eliminated by siRNA silencing, which led to increased Bcl-2 expression after the combination treatment. Therefore, our results confirmed that the elevated apoptosis of MDA-MB-231SArfp cells induced by synergistic administration of PL and ZA was associated with decreased levels of Notch-1 and Bcl-2. Moreover, a latent connection between Notch-1 and Bcl-2 is perceived to be of significance in this synergistic apoptosis-induction effect.
Our study is the first to unravel the underlying Notch-1-Bcl2 regulation in the synergistic condition and shows the potent efficacy of enhancing commonly used clinical drugs with plumbagin, thus providing a convincing direction for future drug treatment strategies. Because ZA is supposed to exhibit a high affinity to mineralized bone matrix, such as hydroxyapatite in bone tissues [48] , further bone-targeted administration of PL conjugated with ZA would be an attractive strategy for treating bone metastases of breast cancer. Certain polymeric nanoparticles or combinations with BP have been reported to provide effective delivery to cells in vitro [49] or bone tissue in vivo [50] .
In conclusion, we observed that PL synergized the cytotoxicity, apoptotic induction and metastatic suppression induced by ZA in MDA-MB-231SArfp human breast cancer cells. More importantly, our findings demonstrate that PL can inhibit the ZA-induced activation of the Notch-1 signaling pathway and subsequently reduce the downstream expression of Bcl-2, thus potentiating the execution of apoptosis caused by the synergism between PL and ZA.
